The ATP-binding cassette transporter A7 (ABCA7) is a risk factor for sporadic Alzheimer disease (AD). Results: Loss of ABCA7 promoted A␤ processing and pathology in cell culture and AD mouse models. Conclusion: Altered ABCA7 function may contribute to AD by impacting A␤ production in addition to clearance. Significance: AD-related risk factors may contribute to disease progression through multiple pathways.
The ATP-binding cassette transporter A7 (ABCA7) has been identified as a susceptibility factor of late onset Alzheimer disease in genome-wide association studies. ABCA7 has been shown to mediate phagocytosis and affect membrane trafficking. The current study examined the impact of ABCA7 loss of function on amyloid precursor protein (APP) processing and generation of amyloid-␤ (A␤). Suppression of endogenous ABCA7 in several different cell lines resulted in increased ␤-secretase cleavage and elevated A␤. ABCA7 knock-out mice displayed an increased production of endogenous murine amyloid A␤42 species. Crossing ABCA7-deficient animals to an APP transgenic model resulted in significant increases in the soluble A␤ as compared with mice expressing normal levels of ABCA7. Only modest changes in the amount of insoluble A␤ and amyloid plaque densities were observed once the amyloid pathology was well developed, whereas A␤ deposition was enhanced in younger animals. In vitro studies indicated a more rapid endocytosis of APP in ABCA7 knock-out cells that is mechanistically consistent with the increased A␤ production. These in vitro and in vivo findings indicate a direct role of ABCA7 in amyloid processing that may be associated with its primary biological function to regulate endocytic pathways. Several potential loss-of-function ABCA7 mutations and deletions linked to Alzheimer disease that in some instances have a greater impact than apoE allelic variants have recently been identified. A reduction in ABCA7 expression or loss of function would be predicted to increase amyloid production and that may be a contributing factor in the associated Alzheimer disease susceptibility.
Genome-wide association studies have identified the ATPbinding cassette transporter A7 (ABCA7) 2 as a susceptibility locus for late onset Alzheimer disease (LOAD) (1, 2) . The single nucleotide polymorphisms (SNPs) associated with LOAD are distributed in various domains of the ABCA7 gene and include intronic SNPs and a coding sequence causing G1527A substitution. Studies have identified loci in different clusters, suggesting multiple sites within the ABCA7 gene associated with increased risk for AD (3) . However, there is no indication that individuals with at-risk alleles display any differences in ABCA7 expression.
ABCA7 is a member of the ATP-binding cassette transporter family largely involved in lipid transport and homeostasis (4) . Its highly homologous member ABCA1 has also been linked to LOAD through cholesterol and processing of the amyloid precursor protein (5) (6) (7) . Overexpression of ABCA7 resulted in a significant decrease in amyloid-␤ (A␤) processing (8) . It was therefore suggested that ABCA7 directly impacts amyloid pathology by altering APP trafficking and substrate availability.
Human ABCA7 overexpressed in HEK293 cells mediated generation of HDL containing less cholesterol as compared with ABCA1 (9, 10) . Mouse ABCA7 under the same conditions generated HDL almost exclusively composed of phospholipid (11) . However, loss or reduction of ABCA7 demonstrated no change in cell lipid release, indicating that it is unlikely to be redundant with ABCA1 in HDL biogenesis (12) (13) (14) . Transcription of ABCA7 is regulated by sterol regulatory element/sterol regulatory element-binding protein in an opposite direction to the liver X receptor-mediated regulation of ABCA1, suggesting that it is unlikely to mediate cell cholesterol release (14) . Subsequent studies demonstrated that endogenous ABCA7 is primarily associated with endocytic pathways, including phagocytosis (14) . Thus, endogenous ABCA7 is speculated to link sterol * This work was supported by Canadian Institute of Health Research Grant metabolism to host defense pathways rather than lipoprotein generation (15) (16) (17) .
Similar studies found that ABCA7 suppression reduced clearance of apoptotic cell debris and that endogenous ABCA7 co-localized with LRP1 in stimulated macrophages (18) . Exposure of apoptotic cells facilitated enrichment in cell surface ABCA7 and LRP1, and this was attenuated in ABCA7-hemizygous deficient mice (18) . It is therefore conceivable that ABCA7 is linked to AD through a diminished ability to remove neuronal debris and/or amyloid aggregates. Our findings indicate that ABCA7 may also contribute to APP processing and A␤ production possibly by modulating LRP1 function. LRP1 associates with APP in the presence of a cytoplasmic adaptor protein, FE65, to internalize APP and produce A␤ in endosomallysosomal compartments (19, 20) . The exact role of ABCA7 in LOAD is under debate, and it may contribute to Alzheimer pathology by altering A␤ production and/or clearance. The current study focused on ABCA7 loss of function and its involvement in amyloid processing in an effort to reconcile these two possible mechanisms.
Experimental Procedures
Antibodies-ABCA7 expression levels of cell and brain lysate were detected by Western blotting using rat monoclonal antibodies for human ABCA7 (KM3096) and mouse ABCA7 (KM3097). Samples were separated on 4 -20% Mini-PRO-TEAN Tris-glycine extended precast gels (Bio-Rad). Anti-ABCA7 antibodies were provided by Kyowa Hakko Kirin Co. Ltd. Mouse monoclonal antibody 6E10 (Covance) was used for the APP internalization assay, and rabbit polyclonal anti-EEA1 antibody (ab2900, Abcam), an early endosome marker, was used for endosome immunostaining.
Plasmids and RNAi-Full-length cDNAs for human ABCA7 were cloned as described previously (21) . ABCA7 cDNA within pEGFP-N3 was digested by EcoRI and subcloned into pcDNA3 (Life Technologies). The vector has an immediate early promoter of cytomegalovirus promoter for expression of cDNA. Three sets of Stealth RNAi TM small interfering RNA (siRNA) duplexes specific for ABCA7 (5Ј-GGAACCUGUCUGAC-UUCC UGGUCAA-3Ј, 5Ј-CCGCACUGCUGGUU-CUGGU-GCUCAA-3Ј, and 5Ј-CGGAUCUUGAA-ACAGGUCUUCC-UUA-3Ј) were designed and purchased from Life Technologies. High GC duplex was used as a negative control.
Cell Culture and Transfection-HEK293, KNS-42, SH-SY5Y, and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Life Technologies) supplemented with 10% (v/v) fetal calf serum in a humidified incubator with 5% CO 2 at 37°C. The cells were grown on 35-mm glass-bottomed dishes. cDNA and Stealth RNAi siRNAs were transfected with Lipofectamine LTX and PLUS Reagent (Life Technologies) according to the manufacturer's protocols. Cells were examined 48 h after transfection. For primary cells, ABCA7-deficient mice (ABCA7Ϫ/Ϫ) were cross-bred with TgCRND8 (ABCA7ϩ/ϩ) mice. Primary cultures were prepared from brain of either embryonic 16-day-old (cortical neurons) or postnatal 1-dayold (astrocytes and microglia) mice according to the method of Cole and de Vellis (22) , and mixed glial cells were cultured as described previously (23, 24) . After 20 -24 days of culturing, microglia were harvested by mild trypsinization (25) . Briefly, cortical neurons were maintained in Neurobasal medium (Life Technologies) supplemented with B27 (Life Technologies), GlutaMAX (Life Technologies), sodium pyruvate (Life Technologies), and penicillin/streptomycin (Life Technologies) by a twice weekly half-volume medium change. Astrocyte and microglia cultures were maintained in DMEM supplemented with GlutaMAX, minimum essential medium amino acids (Life Technologies), minimum essential medium vitamin solution (pH 7.2; Life Technologies), and 10% (v/v) fetal calf serum by a twice weekly complete medium change in a humidified incubator with 5% CO 2 at 37°C. All experiments were performed according to the Canadian Council on Animal Care guidelines.
Preparation of Cell and Brain Lysates-HEK293, KNS-42, SH-SY5Y, and HeLa cells and mouse primary microglia were cultivated and solubilized with radioimmune precipitation assay buffer (150 mM NaCl, 50 mM Tris, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 1 mM EDTA, pH 7.6). Protein quantitation was performed using the method of Bradford (64) . Mouse hemibrain or dissected samples were homogenized in a buffered sucrose solution (20 mM HEPES, pH 7.4, 0.25 M sucrose, 1 mM EDTA, 1 mM EGTA) and a protease inhibitor mixture followed by 1.0% Nonidet P-40 lysis buffer to examine the endogenous APP/A␤ level. To isolate soluble/insoluble A␤, hemibrain or dissected samples were homogenized in a buffered sucrose solution followed by either a mixture of 0.4% diethylamine and 100 mM NaCl for soluble A␤ or cold formic acid for the isolation of total A␤. After neutralization, samples were diluted and analyzed for A␤40 and A␤42 levels.
APP Processing Analysis-Approximately 48 h after transfection, conditioned medium was collected and analyzed for A␤40, A␤42, secreted APP (sAPP) ␤/Sw, and sAPP␤/WT levels using commercially available ELISA kits (human A␤40 and human A␤42 from Life Technologies and mouse A␤40, mouse A␤42, human sAPP␤/Sw, and human sAPP␤/WT from IBL International). Levels of full-length APP and C-terminal fragment of APP in cell lysate and brain lysate were analyzed by Western blotting using the monoclonal antibody C1/6.1 as described previously (26) . The conditioned medium or brain lysate was used to analyze secreted APPs, sAPP␤/Sw, sAPP␤/WT, and A␤ levels by Western blotting using monoclonal antibody 22C11 for secreted APPs (Chemicon), monoclonal antibody 6A1 for human sAPP␤/Sw (IBL International), polyclonal antibody for human sAPP␤/WT (IBL International), and monoclonal antibody 6E10 for sAPP␣ and A␤ (Signet/Covance).
Knock-out and Transgenic Mice-The TgCRND8 transgenic mice express APP695 on a prion cos-tet vector on a C57BL/6/ C3H mixed background as described previously (27) . The ABCA7 knock-out mice were generated as described previously (28) and maintained on a C57BL/6 background. An equal mix of age-matched male and female mice was examined in this investigation. The TgCRND8-ABCA7ϩ/ϩ and TgCRND8-ABCA7Ϫ/Ϫ crosses were maintained on the same C57BL/6/ C3H mixed background to avoid any background-related variations in APP expression and amyloid pathology.
Analysis of A␤ Plaque Densities-Animals were perfused, and brains were fixed in 4% paraformaldehyde and prepared for immunostaining as described previously (29) . Plaques were identified using an HRP-conjugated primary A␤-specific antibody (6E10-HRP, Signet) and visualized with 3,3Ј-diaminobenzidine following pretreatment with 70% formic acid. Dense and diffuse plaque stainings were assessed by measuring the amyloid-positive area over total area as described previously (30) . Briefly, immunostained sections (5 m) were scanned with Mirax Scan (Zeiss) and assessed using ImageScope (Aperio). Slides were scanned using the Mirax Scan v.1.11 software and Zeiss Mirax Slide Scanner at 20ϫ magnification with a Zeiss 20ϫ/0.8 objective lens and a Marlin F146-C charge-coupled device camera. The rendered digital images were analyzed using the color deconvolution algorithm in the ImageScope software as described previously (31) . RGB values were determined for both the applied hematoxylin and 3,3Ј-diaminobenzidine stains. 3,3Ј-Diaminobenzidine was chosen as the positive color channel for identifying and quantifying A␤-stained plaques within different areas of the brain (cortex and hippocampus). Furthermore, recognition and measurement of dense and diffuse plaque stained areas were achieved by setting the threshold values of color intensity. The strong positive threshold was set to 80, correlating with dense staining; the medium positive threshold was set to 160, correlating with medium/diffuse staining; and the weak positive threshold was set to 0. In this way, the amyloid-positive area as well as the intensity of A␤ staining was quantified in different brain regions, allowing for quick, objective comparison between brains from different animals.
APP Endocytosis and ABCA7/Endosome Localization-The primary microglia from P1 C57BL/6 or ABCA7 knock-out mice were cultured for 3 weeks on 35-mm dishes (Nunclon), then washed with cold PBS, and incubated at 4°C with 6E10 antibody (1:200 in PBS) for 30 min to label surface APP. Cells were carefully rinsed with ice-cold PBS and incubated at 37°C for 0, 5, 10, and 20 min to permit internalization. Cells were fixed in 4% paraformaldehyde in PBS for 10 min at room temperature, permeabilized in 0.1% Triton X-100, washed in 0.1% Tween 20 in PBS, and blocked in 5% normal goat serum in PBS-Tween 20. Cells were then incubated with anti-ABCA7 antibody (KM3097) or anti-EEA1 primary antibody, washed, and then incubated with goat Cy3-conjugated anti-mouse IgG and goat FITC-conjugated anti-rat or -rabbit IgG (Jackson ImmunoResearch Laboratories). Cells were mounted with fluorescent mounting medium (Dako) or Prolong Gold antifade reagent with DAPI (Life Technologies). Fluorescence images were observed using an Axioplan 2 imaging microscope (Zeiss) and AxioVision software (Zeiss) equipped with a laser-scanning confocal (LSM-510, Zeiss) or an AxioObserverZ1 inverted microscope (Zeiss) equipped with a spinning disk confocal scanner (CSU-XI, Yokogawa), an Axiocam 506 camera (Zeiss), an Evolve 512 electron-multiplying charge-coupled device camera (Photometrics), and a 63ϫ (oil; numerical aperture, 1.40) objective lens (Zeiss). Imaging data were analyzed using Volocity version 6.3.0 (PerkinElmer Life Sciences).
Statistical Analysis-All data were analyzed by Prism 5 (GraphPad Software), Igor Pro 6.02 (WaveMetrics), or Excel (Microsoft) using either a two-tailed Student's t test or TukeyKramer test. Data were expressed as mean Ϯ S.D. Differences were deemed significant at p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001(***).
Results
In Vitro Suppression of Endogenous ABCA7 and A␤ Generation-Endogenous ABCA7 in a number of different cell lines was examined using human-specific monoclonal anti-ABCA7 antibody (KM3096), which revealed variability in the level of expression. The neuroblastoma SH-SY5Y and HEK293 cells did not express any detectable ABCA7 (Fig. 1A) . In contrast, HeLa cells expressed moderate levels of ABCA7, and higher levels were expressed in the glioma KNS-42 cells. All cell lines had equivalent levels of endogenous APP (Fig. 1A) .
Transient overexpression of mouse ABCA7 was previously demonstrated to result in significant reductions in A␤ levels for cells co-expressing human APP (8) . Our investigations of cells transfected with human ABCA7 and APP have supported the link to altered APP processing resulting in a significant decrease in secreted A␤ (data not shown). However, comparable studies examining lipid efflux suggest that the cellular effects of transfected ABCA7 do not reflect the function of the endogenous protein (16) . Because of the potentially confounding issues associated with artificially high expression levels of ABCA7, the current study focused on loss-of-function conditions and the consequences these have for amyloid processing and deposition within the brain.
For knockdown studies, KNS-42 cells have the highest ABCA7 expression, but this line has low transfection efficiency, and despite repeated attempts, it was not possible to obtain sufficient knockdown of ABCA7. We therefore examined suppression of ABCA7 in HeLa cells using three independent siRNA duplex constructs. Endogenous HeLa ABCA7 was assessed with a human-specific monoclonal antibody. All three RNAi constructs were found to virtually eliminate expression when compared with a negative control or untransfected cells (Fig. 1B) . Examination of endogenous APP processing in the HeLa cells revealed a small but detectable increase in the sAPP␤ species as determined by immunoblotting (Fig. 1C ). This effect was confirmed by ELISA quantification of the HeLa endogenous sAPP␤/WT (Fig. 1C) . To ascertain the effects on A␤ generation, cells were transfected with APPSw with and without ABCA7 knockdown. The levels of full-length APP (APP-FL) and C-terminal fragments (APP-CTFs) were not significantly different (Fig. 1D ). Total levels of secreted APP (sAPP) were not significantly altered by ABCA7 suppression (Fig. 1E ). An ELISA assessment confirmed the elevated levels of secreted APP␤/Sw (Fig. 1F) . In addition to the increase in ␤-cleavage, elevations in A␤40 and A␤42 peptides for cells lacking endogenous ABCA7 expression were seen as compared with the negative control or APP-only expression (Fig. 1 , G and H). Greater variation was observed for cells transfected with the RNAi control as compared with untransfected cells, which reduced the statistical significance of the ABCA7 knockdown cells. This may reflect the low levels of endogenous HeLa ABCA7, which reduces the impact of ABCA7 loss on APP processing and A␤ production. The reduction is therefore modest, but cumulatively, these observations are consistent with a direct action of ABCA7 on Endogenous Murine A␤42 Increases in ABCA7 Knock-outsLoss of function was explored further in a physiological setting using an ABCA7 knock-out mouse model (28) . Expression of ABCA7 in the wild-type mice was examined using murine-specific monoclonal antibodies, and comparable levels were found in all brain regions ( Fig. 2A) . Nearly identical levels of ABCA7 expression were observed in primary neurons and glia from wild-type mice (Fig. 2B ). These findings indicate that ABCA7 is found throughout the brain and is expressed by all major cell types.
ABCA7 levels were also examined in total brain extracts from wild-type and knock-out animals over different time points after weaning until 6 months of age. The expected lack of ABCA7 was observed in the ABCA7 knock-out mice (ABCA7Ϫ/Ϫ), and a modest increase in ABCA7 levels was observed in wild-type mice (ABCA7ϩ/ϩ) from 4 to 24 weeks of age (Fig. 2C) . No significant differences in APP-FL or APP-CTF were seen between ABCA7ϩ/ϩ and ABCA7Ϫ/Ϫ mice at comparable ages (Fig. 2C) . Quantification of endogenous mouse A␤40 revealed a higher concentration in 4 -8-week-old ABCA7Ϫ/Ϫ mice that gradually diminished to culminate in slightly lower levels than those of wild-type animals (ABCA7ϩ/ϩ) at 14 -24 weeks of age (Fig. 2D) . In contrast, a specific increase in A␤42 during aging was observed with the loss of ABCA7. Endogenous murine A␤42 was roughly equivalent in the 4-week-old animals, progressively increased in the ABCA7Ϫ/Ϫ mice, and was significantly higher than in ABCA7ϩ/ϩ mice at 8 -24 weeks of age (Fig. 2E) . A comparison of genders indicated a slight elevation in A␤42 levels in male ABCA7Ϫ/Ϫ mice (8.63 Ϯ 1.62 pg/mg of protein) as compared with females (5.57 Ϯ 1.79 pg/mg of protein), although these were not statistically significant (n ϭ 3 in both groups). Total brain A␤42 in the ABACA7ϩ/ϩ mice was also slightly higher at 24 weeks of age, but this did not reach statistical significance when compared with younger mice (Fig. 2E) . These findings, particularly the specific A␤42 elevation, are consistent with ABCA7-mediated changes in both ␤-and ␥-secretases.
Links between A␤ production and cholesterol have been extensively reported where high fat diets lead to increased amyloid processing (for a review see, Ref. 32) . To determine whether changes in putative ABCA7-mediated cholesterol and lipid pathways had any impact on endogenous A␤ generation, ABCA7 knock-outs were compared with wild types that were placed on fat-enriched diets postweaning until 14 weeks of age. Expression of ABCA7 decreased slightly in the wild-type animals, which is consistent with the sterol regulatory elementbinding protein 2 regulation and effects of sterols on ABCA7 (14) . Substantial increases in APP-FL and APP-CTFs were observed for animals on a high fat diet (Fig. 3A) . However, total brain A␤40 and A␤42 were nearly identical in the wild-type and knock-out mice under these conditions, and the differences in A␤42 seen for animals on normal diet were eliminated (Fig. 3, B  and C) . The mice on a high fat diet were compared with the same animals on a normal diet that were used to determine the endogenous A␤40 and A␤42 levels (see Fig. 2 ). These observations indicate that increased cholesterol and lipid did not have an additive effect on amyloid processing in the ABCA7-ablated mice.
Loss of ABCA7 Increases Soluble A␤ in APP Transgenic Mice-The changes in endogenous mouse A␤42 for mice lacking ABCA7 indicate that ABCA7 affects pathways related to secretase cleavages of APP. To examine these pathways in more detail and determine the effects on amyloid pathology, ABCA7 knock-out mice were crossed with a mutant APP transgenic mouse model (TgCRND8). The TgCRND8 model has been widely used and is an aggressive model with AD-related amyloid plaques and oligomers forming within 3-4 months of age (27, 29) . The TgCRND8-ABCA7Ϫ/Ϫ cross was compared with TgCRND8 on a wild-type ABCA7 background at 18 weeks of age when extensive amyloid pathology is observed in this particular model. ABCA7 levels in TgCRND8 mice were comparable with non-transgenic animals, indicating that the APP transgene does not have any appreciable impact on ABCA7 expression (data not shown).
Western blotting for APP revealed the expected high levels of APP-FL, which were equivalent in both TgCRND8-ABCA7Ϫ/Ϫ and TgCRND8-ABCA7ϩ/ϩ (Fig. 4A) . However, a slight increase in APP-CTF␣/␤ was observed in the TgCRND8-ABCA7Ϫ/Ϫ mice as compared with TgCRND8 alone. Secreted APP␤ was also increased in TgCRND8-ABAC7Ϫ/Ϫ mice as determined by ELISA (Fig. 4B) . A statistically significant elevation in soluble A␤40 was observed in whole brain extracts from TgCRND8-ABCA7Ϫ/Ϫ mice (Fig. 4, C) . The soluble A␤42 and insoluble A␤40 or A␤42 tended to be higher in the ABCA7-deficient mice, but these values did not achieve statistical significance (Fig. 4, C and D) . These findings indicate that the loss of ABCA7 has a direct impact by altering APP processing, leading to increased A␤ production similar to that observed for endogenous mouse amyloid.
Assessment of soluble and insoluble A␤ was conducted in specific brain regions associated with AD-related pathology to determine whether similar trends were observed as compared with whole brain extracts. Soluble A␤40 and A␤42 were found to be the highest in the cortex, and significant increases in both species were observed in the APP transgenic mice (TgCRND8) on the ABCA7 knock-out background (Fig. 5, A and C) . Similar trends were observed for soluble A␤40 and A␤42 in the hippocampus, cerebellum, and olfactory bulb of TgCRND8-ABCA7Ϫ/Ϫ mice as compared with TgCRND8-ABCA7ϩ/ϩ animals (Fig. 5, A and C) . The most pronounced changes in soluble A␤42 were in the cortex and olfactory bulb where an ϳ4-fold increase was detected (Fig. 5C ). The olfactory bulb is an area of extensive pathology in the TgCRND8 model due to the prion cos-tet promoter that drives high expression in this region (33) . In contrast, insoluble A␤40 and A␤42 in the cortex and hippocampus did not exhibit statistically significant differences between TgCRND8-ABCA7Ϫ/Ϫ and TgCRND8-ABCA7ϩ/ϩ mice (Fig. 5, B and D) . In the olfactory bulb, increased amounts of insoluble A␤ were found in the transgenic mice lacking ABCA7, likely reflecting the high level of APP expression and A␤ production. No significant differences in soluble A␤ levels were observed between males and females in this study. These findings are in keeping with the whole brain extracts and demonstrated that A␤ generation is increased and accumulates as plaques.
Amyloid Plaque Density in ABCA7 Knock-outs Crossed with APP Transgenic Mouse Model-Amyloid deposition in the mouse models at 18 weeks of age was examined by immunohistology to quantify plaque density. Serial sections from successive regions of the brain were stained for total A␤, and typical amyloid plaques were observed in the cortex and hippocampus of the APP transgenic mice on the ABCA7 wild-type and knock-out backgrounds (Fig. 6, A and B) . Image analysis of dense and diffuse plaque areas was conducted with sampling over the entire cortex and hippocampus. Quantification of the staining revealed a statistically significant increase in TgCRND8-ABCA7Ϫ/Ϫ mice in dense core plaques area, but no detectable change in the diffuse plaque area was observed (Fig. 6C) . The total number of plaques, as opposed to average size, showed a slight trend to higher amounts in the ABCA7 knock-out mice, but this did not achieve statistical significance when compared with the TgCRND8 on an ABCA7 wild-type background (Fig. 6D) . The increase in the area of dense plaques is likely a reflection of the increased production of A␤ in the TgCRND8-ABCA7Ϫ/Ϫ mice.
Amyloid Deposition at Early Stages of Pathology Development-Given the observed elevations in soluble A␤ displayed by the TgCRND8-ABCA7Ϫ/Ϫ mice, it could have been expected that this would translate into increased plaque loads for these animals as compared with TgCRND8 transgenic mice on an ABCA7ϩ/ϩ background. A likely explanation is that aggregation and deposition of the insoluble A␤ have plateaued in the older animals (18 weeks), and to investigate this possibility in more detail, comparable mice were examined at 10 weeks of age. Previous studies have indicated that at ϳ10 weeks of age the TgCRND8 mouse model undergoes a transition where the total amount of A␤42 generated by the transgenic mice FIGURE 3. APP expression in ABCA7 knock-out mice and effects of high fat diet. A, Western blotting for wild-type mice on normal and high fat diets indicated no significant changes in ABCA7 levels, but an increase in APP-FL and APP-CTF was observed for animals on the high fat diet (40 g of total protein/lane). B and C, levels of endogenous murine A␤40 and A␤42 in wild-type (ϩ) and ABCA7 knock-out (Ϫ) mice at 14 weeks of age were increased in both groups, and the differences in A␤42 were eliminated on the high fat diet. The A␤40 and A␤42 data shown for mice on the normal diet are from the same group of animals used to determine endogenous A␤ levels as shown in Fig. 2 
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increases ϳ3-fold, and this is closely followed by the appearance of amyloid plaques (27) .
Western blotting for APP indicated similar levels in TgCRND8 mice on both the ABCA7 wild-type and knock-out backgrounds and models elevations in the ␤-secretase-cleaved protein (Fig. 7A) . The increase in the secreted APP␤ fragments was confirmed by ELISA, which is consistent with the observations in the older animals (Fig. 7B) . As expected, quantification of the A␤ in whole brain extracts indicated that the levels were lower in the 10-week-old animals as compared with those at 18 weeks of age. However, soluble A␤40 and A␤42 were both lower in the TgCRND8-ABCA7Ϫ/Ϫ animals as compared with those expressing normal levels of ABCA7 (Fig. 7, C and E) . In contrast, insoluble A␤40 and particularly A␤42 were significantly higher in the TgCRND8 transgenic mice lacking ABCA7 (Fig. 7, D and F) . The level of insoluble A␤42 in the TgCRND8-ABCA7ϩ/ϩ animals is consistent with previous reports where levels are ϳ300 ng/g of tissue (27) . Transgenic mice lacking ABCA7 display greater than 600 ng/g insoluble A␤42 (Fig. 7F) . Immunohistochemistry for A␤ was performed on serial sections from both groups of mice, and image analysis revealed a substantial increase in the density of both diffuse and dense plaques in the ABCA7 knock-out mice, which is consistent with the observed elevations in the insoluble A␤ (Fig. 7G) . In addition, increases in the total number of cortical and hippocampal plaques were found in TgCRND8-ABCA7Ϫ/Ϫ animals (Fig.  7H) . The higher amounts of soluble A␤ in the older animals indicated that ABCA7 loss of function results in enhanced APP cleavage and the generation of A␤ peptides but not increased amyloid deposition. At the earlier 10-week stage, it appeared that the increased A␤42 was aggregating rapidly and accumulating as amyloid plaques, which would account for the reduction in the soluble peptide. However, we cannot rule out the possibility that loss of ABCA7 in these animals may also have an impact on amyloid clearance.
APP Endocytosis Is Enhanced in ABCA7 Knock-outs-To explore potential mechanisms by which ABCA7 contributes to FIGURE 6 . Amyloid plaque density in APP transgenic mice lacking ABCA7. Immunohistochemistry for total amyloid in APP transgenic mice (TgCRND8) on wild-type (ϩ/ϩ) and ablated ABCA7 (Ϫ/Ϫ) backgrounds. Representative images of diffuse and dense plaques in the cortex and hippocampus in TgCRND8 APP transgenic mice (A) and TgCRND8 mice-deficient for ABCA7 (B) are shown. Amyloid plaques were quantified in scanned slides by deconvolution image analysis algorithms (ImageScope). C, the total area of dense plaques was found to be higher in the APP transgenic mice lacking ABCA7, but no significant differences were observed for diffuse plaques. D, total plaque numbers were not significantly different in the two mouse models at 18 weeks of age. The data represent means Ϯ S.D. (error bars) of six individual mice. *, p Ͻ 0.05; n.s., not significant by Student's t test. FIGURE 7. Amyloid plaque density during early stages of pathology. Quantitative analyses of APP species and A␤ levels in 10-week-old APP transgenic mice (TgCRND8) on an ABCA7 knock-out (Ϫ/Ϫ) or wild-type (ABCA7ϩ/ϩ) background. A, Western blotting of total brain extracts for APP-FL, ␤-secretase-cleaved secreted APP for the endogenous mouse protein (sAPP␤/WT) and transgenic protein (sAPP␤/Sw), and APP-CTFs. B, increased ␤-cleavage of transgenic APP in ABCA7 knock-out mice was confirmed by ELISA. Total A␤ levels were reduced as compared with 18-week-old mice, soluble A␤40 was found to be lower in mice on the ABCA7Ϫ/Ϫ background (C), and insoluble A␤40 was elevated in the same animals (D). Soluble A␤42 was also decreased (E), and a comparable increase in insoluble deposited A␤42 in ABCA7 knock-out animals (F) was seen. G, image analysis of A␤ immunohistochemistry indicated a substantial increase in the density of diffuse plaques and detection of dense plaques in APP transgenic mice lacking ABCA7. H, increases in the total number of plaques were also observed in ABCA7Ϫ/Ϫ mice. The data represent means Ϯ S.D. (error bars) of six to 14 individual mice. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 by Student's t test. OCTOBER 2, 2015 • VOLUME 290 • NUMBER 40 amyloid processing, the effects of loss of function on APP endocytosis were investigated. Primary microglia were isolated from wild-type and ABCA7 knock-out animals, and endogenous cell surface APP was labeled with monoclonal antibodies directed to the extracellular domain when cells were incubated at 4°C (Fig. 8 ). Microglia were selected for this study as they express reasonable levels of both ABCA7 and APP (see Fig. 2 ) and have a morphology that makes them amenable to intracellular trafficking. Endocytosis was activated by bringing the cells to 37°C, and internalization of the APP was monitored at different time points. After a 5-min incubation, the majority of the APP in wild-type cells was found at the surface and co-localized to some extent with plasma membrane ABCA7 (Fig. 8A) . Some APP was internalized after 10 min, and progressively more cytoplasmic staining was observed at 20 min postincubation. In contrast, cells lacking ABCA7 exhibited a significant amount of intracellular APP after only 5 min of incubation (Fig. 8B) . After 10 min, the majority of the endogenous APP was internalized, and similar staining was observed with longer incubations.
ABCA7 and Amyloid Pathology
Quantitative analysis revealed that the velocity of APP internalization during the first 5 min for ABCA7Ϫ/Ϫ cells was significantly more rapid than the uptake observed in wild-type cells (Fig. 8C) . It has been shown previously that APP is internalized over a short time frame of 15 min or less (34) . To examine the internalized APP in more detail, cells were double labeled with the endosomal marker EEA1, which showed considerable overlap with APP as expected (Fig. 9A) . In ABCA7 knock-out cells, a greater degree of co-localization of APP and endosomes was observed, which is consistent with the accelerated uptake upon loss of ABCA7 (Fig. 9B) . Quantification of the immunofluorescence after 5 min of endocytosis revealed significant differences in the overlap of EEA1 and APP in ABCA7Ϫ/Ϫ cells as compared with wild type as a function of total endosomal staining or total APP (Fig. 9, C and D) . These differences were not due to variations in the amounts of EEA1 or APP levels as these were observed to be the same in ABCA7Ϫ/Ϫ and wild-type cells (Fig.  9, E and F) . Cumulatively, these findings indicate that the loss of ABAC7 results in a rapid uptake of APP to endosomal compartments, which would account for the increased A␤ production seen both in vitro and in vivo.
Discussion
The identification of ABCA7 as a susceptibility locus in recent genetic analyses has raised questions on how it may contribute to AD-related pathology and disease pathways. Our investigation examined the effects of ABCA7 on APP processing and A␤ deposition as one of the early key events in AD. These in vitro and in vivo studies revealed that ABCA7 loss of function significantly increased APP proteolysis and A␤ production. It is possible that changes in ABCA7 expression and/or activity may confer susceptibility through these aspects of the amyloid pathway. This would be consistent with recent studies that have demonstrated ABCA7 loss-of-function mutants and their association with increased risk for AD (35) . In addition, changes in DNA methylation of several AD-related loci, including ABCA7, that correlated with amyloid load and neurofibrillary tangle density have been observed (36) .
Knockdown of endogenous ABCA7 in HeLa cells resulted in an increase in sAPP␤ processing of the endogenous protein indicative of increased amyloidogenic cleavage. This is in contrast to similar knockdown studies of various LOADrelated genes (e.g. BIN1, Clustrin, and CD33) where no effect on APP processing was observed, but ABCA7 was not examined in this particular investigation (37) . In the current study, loss of ABCA7 in cells overexpressing APPSw resulted in increased ␤-cleavage products and A␤ secretion. The A␤40: A␤42 ratios for the TgCRND8-ABCA7Ϫ/Ϫ (0.439 Ϯ 0.173) and TgCRND8-ABCA7ϩ/ϩ (0.533 Ϯ 0.286) were comparable under these conditions, suggesting that there did not appear to be preferential ␥-secretase cleavage at residue 42 versus 40. However, this was not the case for endogenous A␤ in ABCA7 knock-out mice. In brain tissue of wild-type mice, ABCA7 was found to be slightly elevated during aging, and its deletion resulted in a gradual increase in A␤42 over the 6-month period investigated. The difference in brain A␤42 levels between wildtype and ABAC7 knock-outs was eliminated when animals were put on high fat diets, which have been shown previously to up-regulate A␤ generation. Cumulatively, these findings indicate that ABCA7 has a direct impact on APP processing and ␥-secretase. This may be mechanistically linked to the more rapid internalization and endosomal trafficking of APP that was observed for the ABCA7 knock-out cells.
It has been reported that mice lacking ABCA7 exhibit cognitive defects in the absence of any exogenous influences (38) . A combination of behavioral tests was used to examine ABCA7 knock-out animals, and it was found that they had normal locomotion characteristics and fear conditioning-related memory and subtle differences in gender-specific impairments in some memory tasks. Only male knock-out mice exhibited impairments in novel object recognition that was not observed in female knock-out mice (38) . There are likely to be several pathways involved in the ABCA7 knock-out cognitive deficit, but it is of interest to note the increased A␤42, which may be a contributing factor as the animal ages. Additional studies, including the use of A␤ protease inhibitors, will be required to resolve these questions.
ABCA7 knock-out mice were crossed with an APP transgenic mouse, TgCRND8, to determine whether amyloid plaque levels and soluble A␤ were affected in vivo. We report here that examination of whole brain extracts revealed increases in soluble but not insoluble A␤40 and A␤42. This observation is of OCTOBER 2, 2015 • VOLUME 290 • NUMBER 40 note because many prior studies have supported a role for soluble A␤ oligomers in the synaptic and cognitive impairment during the early stages of AD (39 -45) . The conclusion that soluble A␤ species are the relevant moiety in ABCA7Ϫ/Ϫ mice is supported by plaque density quantification, which showed modest increases in the dense amyloid deposits (which are consistent with the observed increases in A␤ production), but no statistical differences in overall number or size of diffuse plaques or total plaque counts were observed in the older transgenic mice (18 weeks of age).
ABCA7 and Amyloid Pathology
In a recent study, ABCA7 knock-out mice were crossed to the J20 APP transgenic model of amyloid pathology (12) . In contrast to our findings, J20-ABCA7Ϫ/Ϫ mice had significantly increased insoluble A␤ at the late stage of pathology development (17 months) but no obvious differences in the soluble peptides. The different observations may be due to the characteristics of the particular APP transgenic mice under investigation. The TgCRND8 transgenic mice are an aggressive model of AD amyloid pathology with plaque development at 3-4 months as compared with the 15-17-month time frame for the J20 model. The fact that we did not observe substantial changes in the insoluble A␤ at 18 weeks in transgenic mouse models may be due to this rapid pace of pathology in the TgCRND8 mice that may potentially overwhelm clearance mechanisms.
Based on previous studies demonstrating significantly impaired phagocytosis in ABCA7 knock-out mice, it is quite feasible that ABCA7 does play a role in uptake and clearance of aggregated A␤ plaques and aggregates (14, 18, 46, 47) . This would be consistent with several other genome-wide association study candidates that have been shown to regulate microglial activity necessary for amyloid removal as opposed to APP processing and trafficking. For example, CD33 is elevated in AD tissue and was found to inhibit macrophage uptake of A␤ in culture suggestive of impairments in phagocytosis (48) . This was confirmed in CD33 knock-out mouse models crossed with APP transgenic mice that led to a substantial reduction in plaque density and levels of insoluble A␤. In addition, a recently identified risk factor, TREM2, is linked to neuroinflammation and complement-related pathways and has been suggested to be involved in A␤ uptake (49, 50) . However, our data indicate that ABCA7 also clearly has an impact on APP processing possibly through endocytosis-related pathways for which there are precedents with other AD at-risk genes.
SorLA (or Sorl1) for example is associated with LOAD, and changes in its expression have direct consequences for A␤ production (51) . SorLA regulates intracellular trafficking of APP and when expressed at high levels, similar to ABCA7, reduces A␤ processing due to APP shuttling to endosomal and Golgi compartments (51, 52) . SorLA-ablated mice when crossed to APP transgenic mice also have higher A␤ levels (53) . Another LOAD-related gene, PICALM, has been shown in some (54, 55) but not other studies (56) to regulate APP processing and amyloid deposition in the opposite direction. PICALM overexpression in vitro was found to increase A␤40 and A␤42 through a preferential endocytosis of APP and the active form of the ␥-secretase complex. Similar effects were found in vivo using virally mediated expression that led to elevated soluble and insoluble A␤, whereas PICALM knockdown decreased both of these amyloid components (54) .
A potential mechanism of action for ABCA7 can be envisioned along similar lines considering that ABCA7 co-localizes with LRP1 (18) . It was observed that C1q-mediated enrichment of ABCA7 and LRP1 on the cell surface as well as membrane ruffles was markedly attenuated in hemizygous ABCA7ϩ/Ϫ macrophages, and this was associated with decreased phagocytic activity as compared with wild-type cells (18) . LRP1 is also one of the principal regulators of APP endocytosis and subsequent A␤ processing (for reviews, see Refs. 19 and 57) . This is mediated by two phosphotyrosine binding domains in FE65 that interact with the NPXY motifs within LRP1 and APP to effectively link the two proteins (58) . The resulting LRP1-APP binding results in a more rapid endocytosis of APP and A␤ production (59, 60) . It is therefore conceivable that disruptions in the ABCA7-LRP1 interaction lead to a dysregulation and enhancement of the LRP1-FE65-APP pathway to accelerate APP endocytosis that culminates in the observed increases in A␤ production in the ABCA7 knock-out mice. This would be consistent with the observed increase in APP endocytosis in the primary mouse microglia cells lacking ABCA7. Comparable changes in APP processing for a related family member, ABCA2, that result from alterations in the trafficking of ␥-secretase components, particularly nicastrin, have been observed (61) .
Studies to date have presented two potential mechanisms by which ABCA7 may contribute to AD pathology that involve A␤ production and/or clearance. Our current investigation supports an additional role for ABCA7 in APP processing leading to enhanced A␤ secretion, which may be linked to endocytosis activity. Although we did not observe the same extent of plaque accumulation in our APP transgenic mouse model as was seen in other studies (12) , our findings support a role for ABCA7-mediated amyloid processing that may be working in combination with amyloid removal as factors for ABCA7 at-risk allelic variants. Recent studies have led to the identification of multiple ABCA7 coding variants that may also result in loss of function (62, 63) . It will be of considerable interest to determine the effects of these ABCA7 mutants on APP processing and A␤ clearance. It is possible that ABCA7 may contribute to both pathways, and this study has focused on its impact on A␤ production. The role of ABCA7, if any, in A␤ removal is a key question and is the focus of separate future investigations.
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